The ABL-specific tyrosine kinase inhibitor STI571 (formerly CGP57148B) induced cytogenetic remissions in 33% of chronic myelogenous leukemia (CML) patients in a phase I trial (Druker et al 1999). Combination therapy may increase this proportion. We tested whether combinations of STI571 and cytarabine or other chemotherapeutic agents such as hydroxyurea, mafosfamide or etoposide would display synergistic activity in BCR-ABL-positive chronic myelogenous leukemia (CML) cell lines derived from patients in blast crisis. In addition, the toxicity of these combinations on BCR-ABL-negative cells was investigated. A tetrazolium-based MTT assay was used to quantify growth inhibition after 48 h of exposure to cytotoxic agents alone and in simultaneous combination with STI571. The drug interactions were analyzed using the median-effect method of Chou and Talalay. The combination index (CI) was calculated according to the classic isobologram equation. At growth inhibition levels of over 50%, STI571 + cytarabine as well as STI571 + etoposide were significantly synergistic (CI Ͻ 1, P Ͻ 0.05) in the BCR-ABL-positive cell lines evaluated. At 60% inhibition or higher, a similar synergistic pattern became apparent for STI571 + mafosfamide (P Ͻ 0.05), while STI571 + hydroxyurea showed ambiguous, cell line-dependent synergism (BV173), additivity (EM-3) or antagonism (K562) in CML cell lines. Furthermore, the BCR-ABL-negative HL-60, KG1a and normal CD34 + progenitor cells were not affected by 0.8 M STI571, a concentration which produced more than 50% growth inhibition in all BCR-ABL-positive cells tested, and no potentiation of growth inhibition was observed in these BCR-ABL-negative cells when STI571 was combined with chemotherapeutic agents. Our in vitro data with CML blast crisis cell lines strongly suggest that combinations of STI571 with cytarabine or etoposide be rapidly considered for clinical testing. Leukemia (2001) 15, 342-347. 
Introduction
Chronic myelogenous leukemia (CML) is a clonal disorder of the pluripotent stem cell with involvement of all hemopoietic lineages and is characterized by preferential expansion of myeloid cells. The clinical features and therapy of CML were recently reviewed by Sawyers. 1 Despite the considerable progress that has been made in the treatment of CML over the past decades, the majority of CML patients achieve only a partial or no cytogenetic response while on conventional therapy and eventually succumb to blast crisis. One of the new and promising therapeutic strategies for this group of patients is the targeting of the BCR-ABL tyrosine kinase.
The recently reported phase I trial with the ABL-specific tyrosine kinase inhibitor STI571 in interferon alfa refractory CML patients showed encouraging results. 2 Complete hemato- logical remission was achieved in 96% of patients treated with more than 300 mg/day of STI571. Within 2 months of therapy, 33% of patients achieved different levels of cytogenetic response including some cases of complete cytogenetic remission. Based on our own experience with STI571 in vitro, 3 we wondered whether the therapeutic index of chemotherapeutic agents can be increased by STI571 which in turn could translate to still higher remission rates for patients.
Materials and methods

Cell lines
BV173, EM-3, K562, KG1a, and HL-60 human leukemic cell lines were obtained from the German Collection of Microorganisms and Cell Cultures (Braunschweig, Germany). BV173, EM-3 and K562 represent BCR-ABL-positive cells derived from patients in the blast crisis of CML. KG1a and HL-60 are BCR-ABL-negative acute myeloid leukemia cell lines. The BCR-ABL status of all cell lines in our tests was confirmed using reverse transcriptase-polymerase chain reaction (data not shown).
Cells were grown in RPMI-1640 medium supplemented with 10% (K562, BV173, HL-60) or with 20% (KG1a) heat inactivated fetal calf serum (FCS), 2 mm l-glutamine, and penicillin/streptomycin (Life Technologies, Eggenstein, Germany) at 37°C in a fully humidified atmosphere of 95% air and 5% CO 2 .
Patient and donor cells
Leukapheresis samples (from two healthy donors and one non-leukemic patient assigned for autologous stem cell transplantation) and peripheral blood (from one patient with a confirmed newly diagnosed and untreated CML with 150 × 10 9 /l leukocytes in the peripheral blood), further designated as nCD34 and cmlCD34 respectively, were obtained with written informed consent according to procedures approved by the Ethics Committee of the Medical Faculty of the University of Heidelberg.
Mononuclear cells were isolated by Ficoll density gradient centrifugation. CD34
+ cells were then selected using a Midi-MACS CD34 Isolation Kit (Miltenyi Biotec, Bergisch Gladbach, Germany) according to the manufacturer's instructions. The purity of CD34 cells ranged between 90 and 96% in all samples as determined by flow cytometry. In the CML sample, less than 5 × 10 6 selected CD34 cells were obtained so that only testing of STI571 as single agent was possible. Combination therapies could not be tested in the primary CML sample.
Cells were cultured at an initial concentration of 2.5 × 10 5 /ml in Iscove's modified Dulbecco's medium (Life Technologies) containing 10% heat inactivated FCS, penicillin/streptomycin and a cytokine mix consisting of 50 ng/ml of Flt-3 ligand (R&D Systems, Wiesbaden, Germany), 50 ng/ml of stem cell factor (R&D Systems), and 20 ng/ml of thrombopoietin (R&D Systems) as previously reported. 4 
Drugs
For this study we chose the chemotherapeutic drugs hydroxyurea and cytarabine, which constitute part of the first line conventional drug treatment of CML, 5 etoposide which is included in some regimens for treatment of myeloid blast crisis of CML and mafosfamide (active form of cyclophosphamide) which has been used for ex vivo marrow purging in CML blast crisis. 6 STI571 and mafosfamide were kindly provided by Novartis Pharma (Basel, Switzerland) and ASTA Medica (Frankfurt am Main, Germany), respectively. Hydroxyurea (Sigma, Steinheim, Germany), cytarabine (ARA-cell; Cell Pharm, Hannover, Germany), and etoposide (Vepesid J; Bristol Arzneimittel, Munich, Germany) were purchased from the manufacturers.
Stock solutions of all drugs at a concentration of 10 mmol/l were prepared by dissolving the compounds in sterile Dulbecco's phosphate-buffered saline (Dulbecco's PBS; Life Technologies). Aliquots were stored at −20°C until use. The stock solutions were thawed and serial dilutions of each drug were prepared freshly prior to the start of incubation.
Simultaneous exposure to STI571 in combination with the chemotherapeutic drug was chosen to ensure a continuous inhibition of the BCR-ABL tyrosine kinase. Cells were treated with five increasing concentrations (doubling with each increment) of the chemotherapeutic drugs alone, then in combination with five different concentrations of STI571 (0.05, 0.1, 0.2, 0.4, and 0.8 m), and with STI571 alone.
MTT assay
The MTT assay is based on the cleavage of the yellow tetrazolium salt 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT; Sigma) to purple formazan crystals by viable cells. 7 A high correlation between the viable cell number and formazan production has been reported. 8, 9 Cells were washed and resuspended in culture medium at a concentration of 3 × 10 5 cells/ml. To achieve logarithmic cell growth, cells were preincubated for 24 h in tissue culture flasks. Then, 90 l aliquots of the cell suspension were dispensed into 96-well flat-bottomed microtiter plates (Becton Dickinson, Heidelberg, Germany) containing 10 l/well of serial drug dilutions in Dulbecco's PBS or Dulbecco's PBS alone as control. The range of final drug concentrations is given in Tables 1 and 2 . The drugs remained in the plates until the end of experiments. The plates were incubated for 48 h at 37°C in a humidified atmosphere containing 5% CO 2 . Then, 15 l of a 5 mg/ml solution of MTT in RPMI was added to each well and the plates were incubated for another 4 h at the same conditions. Next, 100 l/well of 10% sodium dodecyl sulfate solution in 0.01 m hydrochloric acid was added to solubilize the formazan crystals. After incubation at 37°C overnight the absorbance (A) was measured at 540 nm (reference wavelength 690 nm) with a Multiskan Bichromatic plate reader (Labsystems, Helsinki, Finland). The absorbance Not evaluable, insufficient dose-response correlation in the median effect plot (r Ͻ 0.95), this cell line was therefore excluded from further testing of ara-C + STI571. 
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Analysis of dose-effect curves
The dose-effect curves were analyzed by the median-effect method of Chou and Talalay 10 using the Calcusyn Software (Biosoft, Cambridge, UK). The sigmoid dose-effect curves were linearized using the median effect equation:
In this equation, D is the dose of drug, D m is the medianeffect dose (IC 50 ) signifying the potency, F a is the fraction affected by dose D, F u is the unaffected fraction (F u = 1 − F a ), and m is a coefficient related to the shape of the doseeffect curve.
The median-effect plot x = log(D) vs y = log(F a /F u ), which is based on the logarithmic form of equation A, yielded a straight line when the dose-effect relationship followed the principle of mass action ( Figure 1 ). The linear correlation coefficient (r) was generated for each curve to determine the applicability of the data to this method of analysis. Of notice, D m is represented by the x-intercept of the median effect plot. The equation A may be rearranged as follows: for any effect level (F a ) and, vice versa, the effect (F a ) for any dose level (D) may be derived from equation C. This method was applied to calculate the dose-effect relationships (eg IC 25 , IC 50 or IC 75 ) for each drug and cell type.
Statistics
Results are shown as the mean value ± standard deviation (s.d.) of three or four separate experiments. Statistical significance of the data were calculated by Student's t-tests. In BCR-ABL-positive cells it was of interest whether CI values were significantly lower than 1 (CI = 1 is mere additive effect) and a one-sided t-test was used. In BCR-ABL-negative cells the IC 50 values in paired experiments with and without STI571 were compared in a two-sided paired t-test to recognize a possible potentiation or inhibition of the chemotherapy effect. Significance levels of P Ͻ 0.05 and P Ͻ 0.01 were chosen.
Results
Single agent therapy
IC 50 values of STI571 alone were assessed following 48 h of incubation for all cell lines or primary cell samples (Tables 1  and 2 Table) . Interestingly, the BCR-ABL-negative CD34
+ hemopoietic cells proved to be more susceptible to STI571-induced growth inhibition as compared to the BCR-ABL-negative cell lines HL-60 and KG1a. The corresponding IC 50 values (mean ± s.d.) were 3.94 ± 1.14 vs 17.1 ± 0.7 and 26.7 ± 3.3 m, respectively ( Table  2) . As the CD34 + cells were cultured in SCF (c-kit ligand) and STI571 is known to inhibit c-kit, this could account for the higher susceptibility of the normal (BCR-ABL-negative) CD34 + cells to STI571 as compared to the cell lines that were cultured without growth factors. The therapeutic index of STI571 defined as the ratio of IC 50 in BCR-ABL-negative cells (doselimiting side-effect) to IC 50 in BCR-ABL-positive cells (desired therapeutic effect), therefore, ranged from 5.8 in primary cells to 157 in cell lines. In a row of serial 2-fold dilutions, 0.8 m of STI571 proved to be the highest concentration that failed to measurably affect any of the BCR-ABL-negative cells including CD34 + progenitors (data not shown). On the other hand, this concentration caused more than 50% of growth inhibition in all BCR-ABL-positive cells tested and was, for these two reasons, set as the highest STI571 concentration for our combination treatment experiments in BCR-ABL-negative cells.
The sensitivity of cells to chemotherapeutic drugs varied widely depending on the cell type tested, eg the IC 50 of cytarabine in the EM-3 cell line was 134-fold and the IC 50 of mafosfamide in the K562 cell line was 28-fold higher than in the BV173 cell line. In all experiments, apart from exposure of K562 to cytarabine, the linear correlation coefficient of the median-effect plot (r) was Ͼ0.95. The combination STI571 + cytarabine in K562 cells was therefore excluded from further analysis.
Combination drug treatment, BCR-ABL-positive cells
The approximately equitoxic concentrations of the drug combinations were chosen for assessment of drug interactions. Because each cell line displayed different sensitivities to the drugs tested, the fixed molar ratios were adjusted individually for each BCR-ABL-positive cell type (Table 2 ). An example of the experimental design is given in Table 3 . We considered a maximum dose of 0.8 m STI571 sufficient for the combination therapy effect testing because growth inhibition levels of up to 99% were achieved in BCR-ABL-positive cells (Table 3) .
The combination index (CI) was used to express synergism (CI Ͻ 1), additivity (CI = 1) or antagonism (CI Ͼ 1). The CI was calculated according to the classic isobologram equation:
In this equation, D 1 and D 2 represent the doses of drug 1 and drug 2 alone, required to produce x% effect, and d 1 and d 2 are the doses of drugs 1 and 2 in combination required to produce the same effect ( Figure 2 ). In Figure 2 the synergism of STI571 and cytarabine becomes apparent because the concentrations of both drugs in combination resulting in an inhibition level of, eg 75% is lower than expected from the testing of single agents. Equitoxic ratios for combination testing of STI571 and chemotherapeutic drugs were chosen on the basis of single drug concentrations that led to a 50% growth inhibition (F a = 0.5) in the target cell line (Table 1) . Different CI values were obtained for solving the equation D for different effect levels (eg 25%, 50% or 75% of growth inhibition). The results are therefore shown in a CI vs F a plot (Figure 3) . When STI571 was combined with cytarabine a significant (P Ͻ 0.05) synergistic effect became apparent at therapeutically relevant inhibition levels above 50% which still increased at higher inhibition levels (P Ͻ 0.01 at IC 75 ; Figure 3a, b; CI values Ͻ1). When combined with hydroxyurea equivocal results were Table 3 Experimental design of combination therapy and collection of data Figure 3 ).
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Figure 2
Classic isobologram at IC 75 , ST1571 + cytarabine in BV173 cells. Mean combination index (CI) values of four experiments are shown with STI571/cytarabine molar ratios of 10:1 (a), 40:1 (b, equitoxic molar ratio) and 160:1 (c). CI values were calculated from a series of primary data presented in Table 4 . As CI values of Ͻ1, 1 and Ͼ1 express synergism, mere additive effect and antagonism, respectively, this case represents an example of a synergistic combination (CI Ͻ 0.69). obtained ( Figure 3, c-e) . In BV173 cells the combination STI571 + hydroxyurea was slightly synergistic at inhibition levels above 80% (CI Ͻ 1, P = 0.05), while in EM-3 cells an additive effect (CI = 1) and in K562 cells an antagonistic effect (CI Ͼ 1) was observed. STI + mafosfamide were synergistic above inhibition levels of 60% (P Ͻ 0.05, Figure 3f -h). STI571 + etoposide (Figure 3i-k) were similarly synergistic as found for cytarabine (P Ͻ 0.05 at IC 50 and P Ͻ 0.01 at IC 75 ).
Combination drug treatment, BCR-ABL-negative cells
Since STI571 by itself produced no measurable effect in BCR-ABL-negative cells at therapeutically relevant concentrations, the median-effect method could not be applied in this case. Instead, an analysis in terms of potentiation or inhibition was carried out to assess the toxicity of combination drug therapy on BCR-ABL-negative cells. For better comparability between different cell types the results are given as relative IC 50 value, a ratio of the IC 50 value of a chemotherapeutic agent given in combination with STI571 to the IC 50 value of the same agent given alone. No significant potentiation was observed as shown in Figure 4 . Interestingly, a trend to lower sensitivity to chemotherapeutic drugs was observed in normal progenitors (relative IC 50 Ͻ 1) while in leukemic cell lines the mean relative IC 50 tended to be Ͼ1.
Discussion
On the cellular level, CML is distinguished by the Philadelphia chromosome (Ph), 11 an abnormally short chromosome 22, which is found in more than 90% of all cases of CML, arising from a reciprocal t(9;22) translocation. 12 The product of this translocation, a 210 kDa BCR-ABL protein (p210 BCR-ABL ), is characterized by a constitutively enhanced tyrosine kinase activity as compared with that of the normal c-ABL protein 13, 14 and is known to interfere with a variety of cytoplasmatic and cytoskeletal signaling proteins and cascades, 15 which eventually leads to inhibition of apoptosis. p210 BCR-ABL -mediated protection of hemopoietic cells from the induction of apoptosis induced by irradiation, treatment with cytotoxic Table 4 . This way CI values for different levels of growth inhibition, for different drug combinations or for different cell lines can easily be compared. It is notable that the synergistic activity of most combinations (plots a, b, f, g, h, i, j, k) increases with higher levels of growth inhibition, suggesting that when ST1571 is efficiently blocking the ATP binding site of BCR-ABL the downregulation of anti-apoptotic mechanisms allows the full activity of pro-apoptotic chemotherapeutic drugs on the CML cells to occur. Data points, means of four independent experiments; bars, 1 s.d.
drugs, [16] [17] [18] Fas ligation, 19 and cytokine withdrawal 20 has been reported. The inherent resistance of BCR-ABL-positive cells to cytotoxic therapy is a major impediment to the management of CML.
Systematic development of inhibitors targeting the ATPbinding sites of a number of tyrosine kinases lead to generation of STI571, which was shown to reversibly inhibit the tyrosine kinases of the normal c-ABL, ␣-and ␤-PDGF-R, and c-kit proteins and of the BCR-ABL and Tel-PDGF-R fusion proteins at micromolar concentrations. [21] [22] [23] [24] Inhibition of the BCR-ABL tyrosine kinase by STI571 leads to induction of apoptosis in BCR-ABL-positive cells 25, 26 and allows the selection for BCR-ABL-negative long-term culture initiating cells from leukapheresis products of CML patients. 7 In agreement with the earlier published data, we found STI571 as single agent to exert selective toxicity on cells carrying BCR-ABL. Whereas the sensitivity of BCR-ABL-positive cells to chemotherapeutic drugs differed substantially, their sensitivity to STI571 showed a minor variability (IC 50 values ranged from 0.17 to 0.68 m, Table 1 ), which implies absence of primary resistance to STI571 in the tested BCR-ABL-positive cells and independence from existing resistance to chemotherapeutic drugs used in our study. On the other hand, the development of secondary resistance to STI571 in the course of a long-term incubation is becoming evident as reported recently. 27, 28 Combination drug treatment may be one way to overcome this problem.
Our data imply that STI571 exhibits strong synergism with apoptosis-inducing cytarabine, mafosfamide and etoposide at higher levels of growth inhibition, which may originate from increasing inhibition of the BCR-ABL tyrosine kinase with subsequent induction of apoptotic pathways by these chemotherapeutic drugs. This points out the necessity of a high level of BCR-ABL tyrosine kinase inhibition in the course of the combination drug therapy to achieve higher levels of synergy and, thus, to fully exploit the therapeutic potential of the drug combination. Hydroxyurea, being a representative of G 1 /S arresting agents, is ineffective in induction of apoptosis, 29, 30 which explains the merely additive or even slightly antagonistic effect when combined with STI571. In comparison to drug combinations that we studied earlier for synergistic activity where both agents exerted strong toxicity on normal cells, 31, 32 the combination of chemotherapeutic drugs with STI571 has the advantage of increased selectivity to the leukemic clone. STI571 at therapeutically relevant concentration levels neither produced any measurable growth inhibition in BCR-ABLnegative cell lines and normal CD34 + progenitors nor potentiated the toxicity of chemotherapeutic drugs on these cells thus leading to a higher therapeutic index of the drug combination as compared to chemotherapeutic drugs alone. Whether synergistic activity in vitro will translate in better response and survival rates of CML patients receiving combination therapy vs STI571 alone must be proven in future clinical trials. In our experimental model, we used BCR-ABL-positive leukemic cell lines derived from the blast crisis of CML where STI571 by itself has only transient efficacy. Therefore, the data on synergistic effects of STI571 and cytarabine or eto-poside are of special interest for this patient group and may aid in the design of future clinical trials.
